Drought is a costly natural hazard affecting socio-economic activity and agricultural livelihoods, as well as adversely impacting public health and threatening the sustainability of many natural environments. This study was carried out to characterize the temporal and spatial characteristics of meteorological drought in the upper Blue Nile basin to provide a framework for sustainable water resources management. Analysis of historical droughts was undertaken by converting observed monthly precipitation records , for 22 meteorological stations, to the standardized precipitation index (SPI). The SPI was computed at multiple time steps and the Mann-Kendall test was applied on monthly SPI time series for trend detection, and finally severity areal extent frequency (SAF) curves were developed to assess the recurrence pattern of drought severity. Several drought events were observed during the long rainy season and also the short rainy season, and the drought extent and influence were very severe in 1965 and the 1980s. Trend analysis showed statistically insignificant trends in SPI time series, and SAF curves indicated that droughts with a short return period and high degree will cover only small areas of the basin, while only a near-normal drought with a long return period may spread over the whole region.
INTRODUCTION
Drought is one of the most damaging climate-related hazards, and has been a major concern of mankind for centuries (Sivakumar et al. ; IPCC ) . It can affect large areas and may have serious impacts which depend on the severity, duration, and spatial extent of the precipitation deficit (European Commission ). Drought impacts are nonstructural and spread over a larger geographical area than the damages that result from other natural hazards (Belayneh ). Quantifying the impacts and providing disaster relief are far more difficult tasks for drought than for other natural hazards since these impacts can filter through environmentally, socially and economically for months, years and even decades (Wilhite ; Bordi & Sutera ; Edossa et al. ) . It is difficult to determine the onset and end of drought, therefore scientists and policy makers often disagree on the basis for declaring an end to drought (Tiwari et al. ; Wilhite et al. ) . Different types of drought are identified in a practical sense, as drought differs between regions and its impacts vary significantly because of differences in economic, social, and environmental characteristics (Svoboda ; WMO ). All types of drought originate from a deficiency of precipitation, although other factors such as high winds, high temperatures, and low relative humidity may exacerbate the drought's severity (Mishra & Singh ) . The main purpose of any drought monitoring system is to identify various drought indices to provide information to resources managers and system operators (Keyantash & Dracup ; Valipour ) . Several drought the Palmer drought severity index (PDSI) (Palmer ) , crop moisture index, standardized precipitation index (SPI) (McKee et al. ) and surface water supply index (Shafer & Dezman ) . In this study, drought vulnerability in the upper Blue Nile river basin was investigated using the SPI, a meteorological index developed by McKee et al.
(). The advantage of this index is that it identifies emerging drought months sooner than the PDSI, and can be computed at various timescales (NDMC ). This study aimed to address multi-nature aspects of drought with its several features; the frequency of drought occurrence and its spatial distribution to identify drought-prone areas; and drought vulnerability at multiple time steps, such as 3, 6, 9, 12, and 24 months. The severity and the frequency of the monthly drought periods were analyzed next and finally, the areal extent, the cumulative severity and the duration of common drought periods were examined. To the best of our knowledge, the issue of water resources management in the context of drought so far has not been addressed in the eastern Nile basin in general as well as in Egypt in particular.
Results presented in this paper are part of an ongoing effort to develop a new integrated framework for water resources management in the context of drought. Our approach consists of the integration of qualitative modeling for drought monitoring, drought forecasting (Khadr ), a drought management plan, and a simulation model for the operation of the Aswan High dam in Egypt (Khadr & Schlenkhoff ) . It is hoped that the proposed approach and our findings obtained in this study are useful for further research in the area of water resources management.
METHOD AND MATERIALS

Study region and data set
The Ethiopian highlands generate a discharge of 87% of the total Nile flow at the Aswan High dam in Egypt (Woodward et al. ; Zaroug et al. ) . The Blue Nile originates from Lake Tana in the Ethiopian Highlands, at elevations of 2,000-3,000 m, and contributes about 60-69% of the main Nile discharge (Abu-Zeid & Biswas ; Conway ). 
Methodology
The methodology presented in this paper and applied to UBNRB consisted of calculation of the SPI values for multiple timescales, analysis of the temporal characteristics, the spatial interpolation of SPI gauge data, the generation of gridded SPI data, and trend analysis of SPI time series, followed by the analysis of spatial characteristics of droughts in the UBNRB for monthly and mean annual droughts and multiple timescales.
The SPI
The SPI was chosen for this study because of its simplicity and being based solely on the accessible precipitation data.
The SPI is based on an equi-probability transformation of estimate the parameters of the distribution. In most cases, the Gamma distribution is the distribution that best models observed precipitation data. The density probability function for the Gamma distribution is given by the expression (Cacciamani et al. ):
where α≻0 is a shape parameter, β≻0 is a scale parameter and x≻0 is the precipitation amount. Γ(α) is the Gamma function and defined by:
Computation of the SPI involves the fitting of a Gamma probability density function to a given frequency distribution of precipitation totals for a station. The alpha and beta parameters of the Gamma probability density function are estimated for each station, for each timescale of interest (1, 3, 12, 48 months, etc.) and for each month of the year.
After estimating the alpha and beta coefficients the density of probability function g(x) is integrated with respect to x and we obtain an expression for cumulative probability G (x) that a certain amount of rain has been observed for a given month and for a specific timescale:
The Gamma function is not defined by x ¼ 0, and since there may be no precipitation the cumulative probability becomes:
where q is the probability of no precipitation. The cumulative probability is then transformed into a normal standardized distribution with null average and unit variance, from which we obtain the SPI (Khadr et al. ).
The SPI is then defined as:
where 
Mann-Kendall trend test
The nonparametric Mann-Kendall (MK) test, also known as Kendall's τ au test or the MK trend test, is widely used to 
where y j are the sequential data values, n is the length of the data set and
Mann () and Kendall () documented that when n ! 8, the statistic S is approximately normally distributed with the mean and the variance as follows:
where n ¼ number of data, t p ¼ the number of ties for the pth value (number of data in the pth group), u ¼ the number of tied values (number of groups with equal values/ties).
The standardized MK test statistic Z MK is computed by:
The standardized MK statistic Z follows the standard normal distribution with mean of zero and variance of one. The hypothesis that there is no trend will be rejected if:
Z 1À∝=2 is the value read from a standard normal distribution Table 1 were used to generate drought maps for the UBNRB using GIS.
Drought severity areal extent frequency (SAF) curves
were developed for the UBNRB using the computed gridded monthly SPI values for various timescales. The probability of annual drought occurrence for each year and in each grid was estimated by dividing the number of months that have a negative SPI value for the particular timescale by 12, then the annual weighted cumulative drought severity in each grid was estimated by multiplying the annual sum of the negative SPI values for a particular timescale by the probability of drought occurrence for each year. The map produced in the GIS was then used to obtain the drought severity associated with the areal extent and to perform frequency analysis for each drought areal extent percentage to associate the drought severity with return periods, considering an adequate probability distribution. In the end, the families of SAF curves corresponding to different return periods were constructed by plotting area (in percent of whole region) versus average SPI in each category.
RESULTS AND DISCUSSION
Temporal characteristics of the drought in UBNRB Therefore, in this paper the SPI with 3-, 6-, 9-, 12-, and 24-month timescales were used to identify drought events. As one can see in Figure 4 , a drought's characteristics change with time and at longer timescales droughts become less frequent but their duration increases. The time series of 3-month SPI (Figure 4(a) ) shows that the station experienced frequent moderate, severe and extreme droughts. Analysis of the relative frequency of occurrence (Table 2 ) of the annual minimum monthly SPI, during rainy seasons as mentioned earlier, shows that May is the month during which the 3-month SPI most frequently takes the annual minimum value (13.7%), and it is followed by July (8.22%). The annual minimum SPI values for the 6-, 9-, 12-, and 24-month time series for the period of analysis were mainly observed in June, May, August and June, respectively (Table 2) .
Three-month SPI time series show extreme droughts in 1961 , 1965 , 1980 , 1982 , 1984 , 1990 , 1996 , 1999 , and 2002 . The 1982 , 1990 and 1999 droughts were very extreme and had a substantial impact, especially on downstream countries (Figure 4(a) ). Visual inspection of 6-, 9-, and 12-month SPI time series indicated that drought was quite frequent during the study period. Results show that for Bahir Dar station, the maximum negative SPI values for 3-, 6-, 9-, 12-, and 24-month timescales were -2.69, -2.71, -2.77, -2.54 and -2.12, and these values were found in the years 1990, 1991, 1990, 1983 and 1983, respectively shows that the main dry periods are identified clearly using timescales larger than 6 months (9, 12 and 24 months). As seen in Figure 5 , the mean annual drought magnitude of each year for the study area indicates that several significant droughts were identified within the study period, such as the years 1965, 1982, 1983, 1984, 1990 and 1992; however, the longest droughts occurred during the 1980s.
Trend analysis was performed using the MK test of the null hypothesis of trend absence in the SPI time series, against the alternative of trend. The result of the test is returned in h m ¼ 0, for all SPI series, and indicates a failure to reject the null hypothesis at the 90% significance level. Moreover, Table 3 indicates a failure to reject the null hypothesis at the 90% significance level since jZ MK j < 1:645 for SPI3, SPI6, SPI9, SPI12 and SPI24, which means that all investigated trends are statistically insignificant.
Spatial characteristics of drought in UBNRB
The spatial analysis was performed using the gridded SPI values estimated for various timescales and for each month of the year. Based on the SPI characteristics presented previously in Table 1 , drought maps were generated for the UBNRB basin using IDW methodology for interpolation. Two recognizable severe dry periods were revealed, considering only the annual minimum spatial 
CONCLUSION
In this study, a framework of methodologies was presented for the analysis of the temporal and spatial characteristics of the meteorological drought in the upper Blue Nile basin. The SPI was computed at various timescales using spatially distributed precipitation records from 22 meteorological stations. The temporal and spatial 
